Introduction
Red blood cell (RBC) transfusions are a critical part of patient care. Some patients may require antigen-matched RBCs for transfusion. The ancestral genetic background of a patient can impact higher incidence of mild DHTR likely being underreported. Approximately 30% of unexpected Rh antibodies in patients with SCD demonstrate associated decreased RBC survival [5] .
A rare but life-threatening consequence of recurrent transfusions is a hyperhemolytic reaction. This reaction typically occurs in patients with hemoglobinopathies and has been reported in 1-19% of transfusions in patients with SCD [6] . Although mechanistically not well understood, it is likely a complication of alloimmunization, with possible contribution of an underlying genetic predisposition [7, 8] .
The development of RBC alloantibodies also impacts patient care by increasing the cost and time required to find compatible RBC units. Once an RBC antibody is identified, all subsequent transfusions must be negative for that antigen to prevent a DHTR from a robust secondary immune response. An additional risk for previously sensitized patients is the inability to detect evanesced RBC antibodies at future transfusion events; 18-64% of all antibodies (depending on the antibody detection technique used and the time since initial discovery) and >80% of anti-D in D+ patients become undetectable over time [5, 6, 9, 10] . Despite frequently becoming undetectable, anti-D in serologically D+ patients remains clinically significant, and overt hemolytic transfusion reactions have been reported in patients with SCD [5] . Failure to identify pre-existing antibodies is a significant contributor to hemolytic transfusion reaction fatalities reported to the US Food and Drug Administration (FDA) each year [11] . How to best facilitate communication of the clinical significance of previously recognized antibodies to patients and physicians remains to be determined, but is an important area of consideration to avoid incompatible blood transfusions, particularly when patient care occurs at multiple hospitals and records of historical antibodies may not be readily available at the time of transfusion.
Minority patients may be at greater risk of complications from alloimmunization because the presence of antibodies may not be accurately characterized. One reason is that they are more likely to be negative for high-prevalence antigens. Antibodies to high-prevalence RBC antigens will react with all reagent RBCs. This is further complicated if the patient also has a positive direct antiglobulin test (DAT), as patients with SCD frequently do; the antibody to a high-prevalence antigen can then easily be confused with a warm autoantibody. Clinically significant high-prevalence antigens include U (about 2% of African Americans are U-or U variant), Js b , Jo a , or Hy (about 1% of African Americans are Js(b-), Jo(a-), or Hy-) [12] .
In addition, because most reagent RBCs are not from minority populations, there is a risk that immunogenic Rh variants and other low-prevalence antigens are not expressed on the reagent RBCs, rendering antibody detection tests false-negative. When an antibody screen is negative, it is common practice to perform a computer match rather than a physical testing match, increasing the risk of a hemolytic transfusion reaction. Examples of immunogenic antigens that may fall into this category include Rh variants (about 20% of African Americans have the partial Rh antigens V/ VS, Go a , or DAK [13] , and Scianna (Sc1/2). Antibodies to Dombrock antigens are particularly troublesome because they are very difficult to detect in serologic testing despite being able to cause severe in vivo hemolysis. These antibodies are weakly reactive in multi-specific sera or undetectable on antibody screen and often have a negative DAT due to weak avidity. There are no commercially available antisera to type patient or donor cells for Dombrock antigens making genotyping the only method to identify patients at risk and find compatible units [12] . When there is compromised survival of transfused RBCs in minority patients, there needs to be a high suspicion for alloimmunization to a non-serologically detectable antibody; incompatibility due to variant Rh and Dombrock antigens should always be ruled out [12] . In these cases, genotyping can be particularly useful to clarify antibody specificity, identify if there is a lack of a high-prevalence antigen, and identify appropriate donors.
Another important complication of alloimmunization is the long-recognized phenomenon that after patients develop one RBC antibody, they are more likely to develop additional antibodiesthe so-called immune responder' phenotype [14] . Although the exact cause of an immune responder phenotype is not well understood, candidate genes and gene polymorphisms have been described [15, 16] .
In addition, mouse models have demonstrated that priming of CD4+ T cells with one RBC antigen (K) may promote a humoral immune response to disparate RBC antigens when both antigens are present on the same RBC [14] . These results suggest that the prevention of an initial alloimmunization event may be even more important than previously appreciated to prevent the development of subsequent antibodies. For patients with a tendency toward forming RBC antibodies, and also having a RBC phenotype with either multiple negative antigens and/or lacking high-prevalence antigens, compatible units may become so rare as to make transfusion support virtually impossible [17] .
RBC Antigen Disparity and Transfusion Matching
The incidence of alloimmunization is highly variable between individual patients; all of the underlying mechanisms driving these differences remain to be fully elucidated [18] . Patients who develop antibodies tend to have received significantly more transfusions, making alloimmunization a particular problem for patients requiring chronic RBC transfusion support [5, 19] . Even within chronically transfused populations, there is a notable discrepancy in the incidence of antibody formation. Patients with SCD have alloimmunization rates of up to 36% compared to 5% in transfusion-dependent thalassemia and 2% in other regularly transfused patient populations [13] . One major difference between these populations is that SCD occurs predominantly in people of African ancestry, whereas the donor population in North America and Europe is predominantly of European ancestry. As the fundamental requirement for alloimmunization to occur is exposure to a foreign anti-gen, the difference in prevalence between African Americans and Caucasians of several RBC antigens, as well as a lack of certain high-prevalence antigens in populations of African descent, is likely a major contributor to the higher incidence of alloimmunization [20] . For instance, only about 2% of the Caucasian population is negative for the C, K, E, Fy a , and S antigens, and extended matching for D, C, c, E, e, K, S, Fy a , and Jk b is predicted to be present in only 0.6% of Caucasian donors compared to 14.6% of African American donors [18, 20] . Because the number of negative antigens is high in patients with SCD, the likelihood that they will be exposed to non-self antigens is potentially greater (table 1) [17] .
The diversity of the Rh blood group system in people of African descent can also provide a basis for disparity for patients with SCD who are chronically transfused. Over 500 RHD and over 140 RHCE allelic variations have been reported [21] ; 90% of SCD patients and healthy populations of African ancestry carry at least 1 variant RHD or RHCE allele [5, 13] . The term 'variant' will be used here to mean the lack of a conventional allele (i.e. homozygous or compound heterozygous for variant alleles). It encompasses alleles that code for weak D and partial D expression, as these classifications are not always precisely known since most RHD variants have not been adequately characterized for potential immunogenicity, particularly when considering transfusion with other Rh variants [22, 23] . In addition, Rh antigen specificities are particularly complex because variants in either RHD or RHCE genes can express D-like, C-like, or E-like antigens, thus the immunogenic potential of one gene should not be evaluated in isolation [12, 24] .
The phenotype of Rh variants cannot be reliably detected by routine serologic testing and in some cases will even have misleading serological results that can lead to inaccurate phenotyping results. Approximately 20% of patients with SCD that phenotype as C+ actually express a variant C due to the C antigen being encoded by a hybrid RHD*DIIIa-CE(4-7)-D. 30% of patients with this hybrid gene (in the absence of a conventional RHCE*Ce allele in trans) made anti-C after repeated exposure to conventional C+ RBCs, suggesting that they should be treated as C-for transfusion purposes [12] . The e antigen in patients with SCD is also not adequately evaluated with routine serology. Although nearly all SCD patients of African descent will be e+, approximately one-third will be homozygous for a partial or altered (variant) e antigen and are capable of making an anti-e alloantibody [12] . Only 2% of donors are E+ e-, which can make finding compatible units difficult if there are additional antibodies present. Knowledge of the genotypes of both patients and donors has led to a greater understanding of potential mechanisms for persistent alloimmunization despite serologic antigen matching for transfusion.
In chronically transfused patients with SCD, over two-thirds of the alloantibodies formed have Rh blood group (primarily D, C, and E) or Kell (typically K) specificities [25] . This has led to evidence-based recommendations for patients with SCD to receive RBC transfusions prophylactically matched for D, C, E, and K antigens [26] . This strategy when adopted has been shown to significantly reduce alloimmunization rates from 27 to 75% with ABO-D matching alone to 5-14% with limited C, E, and K matching [27] . Extended matching to include the Duffy, Kidd, and MNS systems has been shown to reduce the rate of alloimmunization to 0-7% [27] . Although these approaches result in an overall reduction in alloantibody formation, clinically significant alloimmunization continues to occur [5] .
A concern for transfusion of patients with SCD with extended phenotype-matched RBC units from a predominantly African descent donor population is the risk for development of antibodies to low-frequency antigens that are relatively more prevalent in populations of African descent, such as V, VS, and Js a [4, 28] . Js a for example occurs in 20% of African Americans compared to 0.01% of Caucasians. In a prospective study looking at the influence of minor antigen mismatches on the frequency of alloimmunization in patients with SCD, a high frequency of mismatches per transfusion episode for S (43.9%), Do a (43.9%), Fy a (29.2%), M (28.4%), Jk b (28.1%), N (24.0%), V (19.3%), VS (17.9%), and Js a (13.3%) was noted. Of these antigens, only 3 anti-Js a antibodies developed in the 12-month study period. These antibodies all occurred in patients with higher relative exposure to Js a (increased overall frequency and frequency immediately prior to antibody development (3 of 4 prior transfusions)) and in patients with previous antibody formation that were receiving units antigen-negative for significant antibodies and with extended serologic matching for D, C/c, E/e, K, Fy a , and Jk b . Given that only antibodies to Js a developed despite much higher rates of mismatch in other antigens suggests that further evaluation of the benefit of matching for Js a may be warranted. Although Js(a-) RBC units are reasonably common ( about 91% of donor units), finding antigen-negative units requires RBC genotyping methods.
Some studies have shown that transfused patients with SCD receiving units from donors with shared ethnic background may be protective. For instance, lower rates of alloimmunization have been seen in Ugandan and Jamaican patients with SCD where the donor and patient populations are ethnically more similar [4, 13, 29, 30] . In theory this should reduce alloimmunization by improving the antigen discrepancy between donor and recipient and thus reducing exposure to foreign antigens [18] . However, a 15-year retrospective review of 182 patients with SCD in the US who were transfused with this strategy demonstrated alloimmunization in 71 (58%) of chronic and 9 (15%) of episodically transfused patients. There was a reduced rate of anti-Jk, anti-Fy, and anti-S and no cases of anti-K formation [5] . Most notably and unexpectedly, nearly two-thirds (64.4%) of all antibodies formed had specificity for common Rh (D, C, E, e) despite prophylactic Rh antigen Without accurate characterization of the patient and donor genotypes, true antigen matching to prevent alloimmunization is not possible. In addition, there is still an inadequate understanding of the risk of alloimmunization with specific blood group gene haplotypes, particularly for RHD. Large, multi-institutional studies with genotyping of both patient and donor and better characterization of the specificity of antibodies formed are needed to clarify the clinical significance and immunogenic risks of variant alleles.
Donor Recruitment and Antigen Typing
It is incumbent on blood donor centers to have an adequate supply of blood products for all patients, including all patients with RBC antibodies and minority populations. For patients with SCD in particular, the goal is to consistently have enough multiple antigen-negative compatible units for prophylactic matching programs and for alloimmunized patients if an emergency large-volume transfusion is required for a stroke or other SCD-related crisis.
To maintain an adequate inventory, mass-scale RBC genotyping has been successfully implemented to replace serological screening at several donor centers [31, 32] . The RBC genotyping approach allows for high throughput platforms. The platforms commonly used include many antigens, some with no commercially available antisera, increasing the chance of finding phenotypes that are difficult to type with serologic approaches alone. Different strategies to gain efficiency and cost-effectiveness for antigen typing programs include targeting those donors that are non-Caucasian descent, repeat group O donors, or those that carry variant phenotypes suggestive of more rare genotypes, such as hr B negative [23, 31, 33] . Given the improvement in, and increased availability of, high-throughput RBC genotype testing platforms, implementation at donor centers has become standard practice for many large collectors. This will likely benefit patients as the larger the available antigen-negative inventory, the more likely appropriate units can always be available. Further, action by regulatory bodies to make it easier to put historically typed RBC antigens on the RBC unit label itself can help to streamline communication between blood collector and hospital transfusion service and expedite availability of antigen-negative units.
Even as RBC genotyping programs are being implemented by many blood collectors, finding adequate units can still be a challenge, particularly when donors of similar ancestral background are the best source of RBCs for patients that require extended matching. Of annual blood donors in the US, the authors found that African Americans represent only 5% of donors, compared with approximately 74% that were Caucasian [2] . The discrepancy is even greater for repeat donors who are predominantly older white donors (about 83% of repeat donors are white) [1] . The reasons for the lower donation rates in minority populations are multi-factorial and include increased donor ineligibility, donor deferral, and barriers to donation, particularly fear and distrust [34] . In order to increase donations, minority recruitment programs have been implemented. Unfortunately, these programs have been unsuccessful in substantially increasing repeat donations from minority populations to adequately match the needs of an increasingly diversifying population [2] . Social media campaigns for organ donation have been successful in increasing donations and could represent an underutilized strategy for donor centers to recruit younger, more diverse donors and convert them to repeat donors [35] . Some blood collectors do have active programs for minority donor recruitment; others work with raising awareness with SCD patient advocacy groups. Most strategies have had limited long-term success and require sustained efforts at significantly increased expense [34, 36] . Given the public fascination with genetic testing and ancestry analysis, the use of RBC genotyping as part of a recruitment strategy has not been adequately evaluated and could represent a novel mechanism for garnering public interest in blood donation.
Transfusion Strategies
Although 'perfect match' strategies for all transfusions before alloimmunization occurs is the idealized way to prevent alloimmunization, a program such as this is of high in cost and may make the blood supply limited [19] . In the interim, there are some additional strategies that can be considered to prevent alloimmunization of high-risk minority patients. RhD-or C-units can be considered for patients at risk of developing anti-D or anti-C upon exposure to conventional RhD or RhC antigens because their genotype reveals variant D or C alleles that are expected to express partial D or C antigens. As understanding of which Rh variants are the most immunogenic continues to improve, patients will be better able to be triaged into higher risk categories that require this type of antigen matching. Providing D-units, aside from using an already limited supply blood product, however has the additional drawback of likely coming from a Caucasian donor where there is the increased risk of exposure to disparate antigens. Extended matching for Jk b , Fy a , and S could additionally be considered in these cases. In addition, in patients with variant alleles and multiple antibodies requiring the selection of blood products from predominantly African American donors, Rh genotyping of donors may be indicated. Low prevalence and Rh variants identified in blood donors should be taken into account in the highest-risk patient populations [5] .
Genotyping of patients who are destined for chronic transfusion, such as SCD patients of African descent, can support transfusion decision-making. For instance, patients with the DIIIa-CE(4-7)-D allele, in which RHCE exons 4-7 have replaced the corresponding regions in the RHD, will serologically type as Dand C+ but are at risk of developing anti-C antibodies when exposed to the conventional C antigen. It is recommended that these patients be transfused with C-RBCs [12] . In addition, the Fy(a-b-) phenotype is common in populations of African ancestry but only about 17% of donors in the USA are Fy(b-). The majority of African descent individuals who are serologically negative for Fy b also have a silencing Fy b mutation [17] . This mutation (-67t>c, GATA) prevents only their RBCs from expressing Fy b . Other cells in their body will express Fy b making them low risk for developing an antibody to Fy b . When patients with GATA mutations are allowed to receive Fy(b+) units, it more than doubles the ability to find available units, even for highly restrictive matching [17] .
Conclusions
Advances in transfusion medicine have determined that the causes of RBC allosensitization are multi-factorial. A foundational risk factor for alloimmunization is RBC antigenic differences between the patient and donor; this can be more pronounced in patients with minority ancestral backgrounds. Blood collectors' mission is to ensure access to blood products for all patients. Thus, recruitment and typing strategies that support minority patient populations have become increasingly important. Genotyping of patients and donors has led to a greater understanding of causes for persistent alloimmunization in patients with SCD, and has the potential to become an invaluable tool to improve outcomes and clinical management in all minority populations. The feasibility, practicality, and cost-effectiveness of implementing risk-based algorithms for transfusion matching should continue to be evaluated as technology improves and the inventories of genotyped donors increases.
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